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Fundamental  Studies  of  Beta  Phase  Decompostion  Modes 
In  Titanium  Alloys 


H.I.  Aaronson,  A.M.  Dailey,  H.J.  Lee  and  E.S.K.  Menon 


Abstract 


hese  studies  on  diffusional  phase  transformations  in  titanium  and  related 


alloy  systems  are  intended  to  develop  further  the  scientific  base  needed  to  design 
alloys  based  upon  these  transformations  which  may  exhibit  significantly  improved 

combinations  of  mechanical  properties.  During  the  past  grant  year,  using  appropri- 

(  - - - — - — 

ate  modifications  of  Cahn's  analysis  of  the  overall  transformation  kinetics  of  grain 
boundary  nucleated  reactions,  the  kinectics  of  the  8-+am  massive  transformation  were 
compared  with  those  of  grain  boundary  allotriomorphs  of  proeutectoid  alpha  in 
(representative)  Ti-Ag  and  Ti-Co  alloys.  Predominance  of  the  massive  transformation 


in  Ti-Ag  and  of  the  proeutectoid  alpha  reaction  in  Ti-Co  was  successfully  explained 


using  both  experimental  and  estimated  data  on  nucleation  and  growth  kinetics  of  both 


types  of  transformation.  A  new  explanation  has  been  developed  and  partially  validated 
for  the  "black  plate"  phenomenon,  wherein  thin,  well-formed,  fast  growing  alpha 
plates  replace  normal  degenerate  alpha  plates  at  lower  temperatures  in  Ti-Cr  and 
other  Ti-X  systems.  This  replacement  was  deduced  to  arise  as  a  consequence  of  pos¬ 
itive  deviations  of  the  beta  matrix  from  ideality;  this  thermodynamic  factor  genra- 
tes  a  metastable  equilibrium  monotectoid  reaction  whose  B/(a+Bj)  boundaries  terminate 
at  the  spinodal  compositions.  Below  a  critical  temperature,  equilibrium  with  only 
the  Cr-rich  boundary  is  feasible,  leading  to  a  drastic  change  in  .composition  of  the 
beta  in  contact  with  alpha  plates.  This  change  is  predicted  to  yield  a  much  lower 
density  of  growth  ledges.  A  detailed  study  of  bainite  nodule  formation  in  a  hyper- 
eutectoid  Ti-25%  Cr  alloy  showed  extensive  evidence  of  faceting  at  both  beta:bainitic 
alpha  and  beta :bainitic  TiCr2  boundaries.  Unlike  pearlite,  TiCr2  crystals  in  a 
given  nodule  do  not  have  a  single  orientation  relationship.  The  growth  kinetics 
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of  bainite  nodules  are  approximately  those  permitted  by  volume  interdiffusion  through 
the  beta  matrix.  Proeutectoid  alpha  and  bainite  structures  examined  in  hypoeutectoid 
Ti-Co  and  Ti-Fe  alloys  also  show  extensive  evidence  of  misfit  dislocations  and  growth 
ledges  on  proeutectoid  alpha,  eutectoid  alpha  generated  during  the  bainite  reaction 
and  on  the  beta: compound  and  alpha: compound  boundaries,  though  detailed  sorting  out 
of  these  features  remains  to  be  accomplished.  It  has  thus  become  evident  that  opera¬ 
tion  of  the  ledge  mechanism  during  bainite  growth  is  general  and  that  kinetic  theory 
will  have  to  be  revised  accordingly.  Eutectoid  alpha  was  often  found  to  have  a  sligh¬ 
tly  different  orientation  relationship  with  respect  to  beta  than  the  proeutectoid 
alpha  against  which  it  formed. 

I .  Introduction 

This  program  is  primarily  concerned  with  fundamental  studies  of  the  crystall¬ 
ography,  morphology,  kinectics  and  mechanisms  of  the  proeutectoid  alpha  and  the 
bainite  reactions  in  Ti-X  alloys.  Active  interest  continues,  though,  in  the  massive 
transformation,  particularly  in  Ti-X  alloys  but  also  in  a  more  general  sense,  with 
the  ultimate  goal  of  understanding  why  this  transformation  predominates  in  only  three 
Ti-X  eutectoid  systems  while  the  proeutectoid  alpha  (and  its  derivative,  the  bainite) 
reaction  are  the  only  transformation  mechanisms  operative  at  higher  reaction  tempera¬ 
tures  in  at  least  ten  other  Ti-X  eutectoid  systems. 

By  the  term  "bainite"  we  mean  the  product  of  a  non-lamellar ,  i.e.,  a  non- 
cooperative  or  non-pearlitic  mode  of  eutectoid  decomposition  (1,2).  Critical  con¬ 
sideration  of  the  more  generally  accepted  definition  of  bainite,  as  precipitate  plate 
growth  by  a  diffusion-controlled  shear  mechanism  does,  however,  play  a  role  in  our 


bainite  program. 


II .  The  Proeutectoid  Alpha  Reaction 


This  program  constitutes  the  Ph.D.  Thesis  research  of  Mr.  E.  Sarath  Kumar  Menon 

(except  for  subsection  II-E) 

A.  Introduction 

Attention  has  been  focussed  this  year  upon  one  of  the  original  objectives  of 

this  program,  namely,  an  evaluation  of  the  conditions  under  which  the  massive  and 

the  proeutectoid  alpha  transformations  predominate  over  one  another.  Because  more 

than  14  Ti-X  eutectoid  systems  have  been  identified,  with  the  massive  transfor- 

m 

mation  occurring  when  X  is  Ag  (3),  Au  (3),  In  (4)  and  Si  (3)  and  the  proeutectoid 
alpha  reaction  being  the  principal  initial  decomposition  mode  when  X  is  Bi,  Co,  Cr 
Cu,  Fe,  Mn,  Ni,  Pb,  Pd  and  Pt  (5,6),  the  Ti-X  eutectoid  systems  provide  en  bloc 
an  ideal  "test  vehicle"  for  such  an  analysis. 

During  the  previous  grant  year,  we  showed  that  under  nearly  all  circumstances, 
the  nucleus  of  the  massive  transformation  has  the  same  composition  as  that  of  the 
proeutectoid  alpha  reaction  (7).  Hence  evaluation  of  the  kinetic  competition  be¬ 
tween  the  proeutectoid  alpha  and  the  massive  alpha  transformations  requires  primari¬ 
ly  that  the  growth  kinetics  of  alpha  during  the  two  reactions  be  compared.  This  has 

been  done  for  the  B^a  reaction  and  the  B^a+Bi  reaction  (where  Bidenotes  composition- 

in 

ally  enriched B  )  in  Ti-Ag  and  Ti-Co  alloys.  These  transformations  were  used  because 
of  the  extensive  documentation  available  upon  them. 

B.  Growth  Kinetics 

Thea  +3  regions  of  the  Ti-Ag  and  the  Ti-Co  systems,  showing  the  metastable 
extensions  of  the  phase  boundaries  and  the  Tq  curves  calculated  from  the  optimiz¬ 
ed  phase  diagrams  (8,9),  are  presented  in  Fig. I.  It  is  immediately  apparent  that 

the  Ti-Ag  system  is  characterized  by  a  narrow  and  nearly  horizontal  of B  region, 
whereas  the  Ti-Co  system  has  a  wider,  more  nearly  vertical  or*-  B  region.  Ti-Au  and 

Ti-Sl  have  an  on-  B  region  similar  to  that  of  Ti-Ag  while  this  region  in  Ti-Co  is 

representative  of  that  in  many  other  Ti-X  eutectoid  systems.  These  differences  in 


Ti-Ag 


F<g.  1  :  Ti-rich  end  of  the  (a)  Ti-Co  and  (b)  Ti-Ag  phase  diagrams.  The  phase 
boundaries  were  calculated  from  the  thermodynamic  parameters  reported  in  refs.  38 
and  39.  The  metastable  phase  boundaries  are  shown  in  dashed  lines  and  the  T  -X 
curves  are  drawn  in  dash-dot  lines. 
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phase  diagram  geometry  markedly  affect  the  variation  with  temperature  of  the  chemical 
free  energy  change  driving  growth  ofqj^.  Fig.  2  illustrates  the  thermodynamic  driving 
force  associated  with  the  two  modes  of  transformation.  Alloy  can  undergo  a  massive 
transformation  and  can  be  termed  non-competitive  (10)  while  the  $-*-0^  reaction  in 
alloy  is  subject  to  suppression  by  the  g-*-a  +  Yreaction  which  has  a  higher  driving 
force  for  growth,  A  G  ^a+^m  as  indicated  in  Fig.  2. 

The  quantities  and  A  G  ^ 1  were  evaluated  as  follows.  The  first  one  is 

simply  computed  as:  AG^*a  *  Ga  (x)  -  G^  (x)  [1] 

where  Ga  and  G^  represent  the  molar  free  energies  of  the  a  and  the  B  phases  and  x 

is  the  composition.  These  free  energies  have  been  evaluated  as  (8,9): 

Ti-Ag  system: 

G a, excess  =  x(1_x)  {26000  -  60T  -  9000  (l-2x)}  [2] 

Gg, excess  _  x(1_x)  {-gooo  -  60T  -  9000  (l-2x)} 

Ti-Ag  system: 

G  a, excess  =  x(1_x)  {  47900  -  25000  (l-2x)  }  [  3  ] 

G  g, excess  m  2M32  x(l-x) 

The  driving  force ,  A  (£'*'a+8i  t  for  the  precipitation  reaction  is  obtained  from  the 
relationship: 

aG  B-^+Bx  _  j  (1_x)  q*  +  x  Gb°]  -  GB  [4] 

where  G  and  G_  represent  the  partial  molar  free  energies  of  titanium  (A)  and  the 
A  B 

solute  (B)  in  the  a  phase,  respectively .  The  driving  force  for  the  two  reactions, 
viz.,  massive  transformation  and  precipitation  reaction,  were  calculated  for  repr¬ 
esentative  alloys  in  both  Ti-Co  and  Ti-Ag,  with  results  as  shown  in  Fig.  3.  From 
this  figure  it  can  be  seen  that  even  though  the  driving  force  for  the  preceipitation 
reaction  is  always  higher  in  both  alloys  chosen  in  the  Ti-Ag  case,  at  temperatures 

not  far  below  the  T  temperature,  the  driving  force  for  the  massive  reaction  becomes 

o 

comparable  to  that  for  the  precipitation  reaction. 


rig.  2  :  Schematic  free  energy- 

composition  diagram  showing  the  driving 
force  for  massive  growth,  AG^"*am,  in  a 
binary  alloy  system. 


TEMPERATURE,  °K 


F^g.  3 
massive 


:  AG'^->am,  the  driving 

growth  and  AG^"*c+^i, 


force  for 
the  driving 


force  for  equilibrium  c  precipitation  vs 
isothermal  reaction  temperature  for  Ti-3.2 
a\%  Co  and  Ti-4.7  at%  Ag. 


The  massive  growth  rate,  V,  is  calculated  from  the  equation  derived  for  the  , 
growth  process  controlled  by  the  thermally  activated  atomic  jumping  across  the  inter¬ 


face  (112),  viz: 


.8+a 


A  Gr 


v  =  AkT  (  -  - VL  )  exp  ( - 

h  RT  ;  P  1  RT 


) 


[  5  ] 


where  k  =  Boltzmann's  Constant,  h  =  Planck's  constant,  R  =  gas  constant,  T 


temperature , 6  =  interface  thickness  and  AG  =  activation  free  energy  for  trans- 

D 


interphase  boundary  diffusion.  An  estimate  of  AG_  was  obtained  using  the  grain 

Db 


boundary  diffusion  constant  correlation  rported  by  Brown  and  Ashby  (12)  for  bcc 


transition  metals,  viz: 


1  * 

<$Db  =  3.4  x  10  •exp(-11.7  ~  *C)  mJ/s 


6] 


Here  the  temperatures  are  in°K.  A  rough  estimate  of  the  parameter  C  appearing 
in  equation  [6]  using  the  values  from  ref.  (12),  shows  that  it  is  approximately 


equal  to  unity.  The  activation  entropy  component  of  AGp  was  assigned  the  convention 

b 


ally  used  value  of  3R. 

The  growth  rate  of  the  precipitate  phase  in  the  8-*-a+8i  reaction  was  calculated 
using  the  analysis  for  volume  diffusion  controlled  growth  of  ellipsoidal  precipitates 
developed  by  Horvay  and  Cahn  (13).  Assuming  that  the  grain  boundary  allotriomorphs 
of  the  a  phase  can  be  modelled  as  oblate  ellipsoids  of  revolution,  the  parabolic 


growth  rate  constant,  a  ,  is  obtained  from  the  relation  (14): 

P 


a  -  2((D  ) 
P  v 


1/2 


[7] 


where  is  the  volume  diffusivity  and  ft  is  the  solution  to  the  transcendental 


equation: 


"ft 


,8a 


2efi  a3/2(^T 72  erfc(ft^)} 


l8 


■6 


ft 


xBa-  xaB 

8  a 


where  Xgis  the  alloy  composition  and  X Ba  and  correspond  to  the  phase  boundary 
compositions  at  the  reaction  temperature.  The  volume  dif fusivities  of  the  solutes 


0  Ti-Co  (15): 


,  „-4  ,  -30900  ,2, 

D  =  130  x  10  exp  ( - — - )  cm  /sec  [9] 

K 1  , 

0  Ti-Ag  (16):  -r- 

D  =  30  x  10  *  exp  ( —  — )  cm2/sec  [10] 

The  growth  rate  constants  calculated  from  eqns.  [5],  [7]  and  [8]  for  two  sample  alloys 

are  shown  in  Fig.  4.  From  this  figure,  it  can  be  seen  that  in  the  Ti-Co  alloy  (Fig.  -  • 

4a),  the  precipitation  reaction  is  the  only  possible  reaction  over  a  wide  temperature 

range  while  in  the  Ti-Ag  alloy  (Fig.  4b),  this  situation  is  observed  over 

only  a  very  narrow  temperature  region.  Otherwise,  the  growth  kinetics  of  massive 

alpha  are  orders  of  magnitude  faster  than  those  of  proeutectoid  alpha  at  nearly  all 

temperatures  (and  at  a  reaction  time  of,  say,  one  sec.)  where  the  massive  trans-  . 

formation  is  thermodynamically  feasible.  These  results  make  clear  that  given  ■— '• 

equal  nucleation  rates,  the  choice  of  the  transformation  process  is  determined  by 

growth  kinetics  and  that  the  relative  values  of  the  two  sets  of  kinetics  are  dictated  ^ 

by  the  temperature  difference  between  the  transus,  T^a  ,  and  T  .  A  small  value  of 

P  0  -■ 

this  term  allows  the  massive  transformation  to  develop  while  precipitation  kinetics 

are  still  slow;  quenching  past  the  precipitation-only  region  is  thus  readily  accompl-  \ 

ished.  In  the  reverse  situation,  precipitation  predominates. 

C.  Overall  Transformation  Kinetics 

The  overall  transformation  kinetics  of  grain  boundary  nucleated  reactions  are 

conveniently  studied  by  applying  an  analysis  developed  by  Cahn  (17)  for  the  linear 

growth  of  spherical  precipitates.  The  fraction  of  the  6  matrix  transformed  to  a 

denoted  by  f  ,  is  expressed  by: 
m 

f  =  1  -  exp  r-  b  ^^f(a)i 

m  1  J 


[in 


where: 


a  =  (J*  V2)  1/3  t 
* 

b  =  - - - 

8VS 


f(a)=a/1{  1-  exp[-na3  (r  m3  -  m2  -  ^)]}  dm  [14] 

0  J 

m  =  y/vt 

Here,  S  is  the  grain  boundary  area  per  unit  volume,  t  is  the  isothermal  reaction 
time  and  y  is  the  perpendicular  distance  between  the  grain  boundary  plane  and  the 
plane  of  polish.  The  fraction,  f^,  B  matrix  transformed  to  grain  boundary  allotr 

omorphs  can  be  expressed  in  a  similar  fashion  (18)  by  modelling  these  precipitates 
as  oblate  ellipsoids  growing  with  parabolic  rather  than  linear  kinetics.  The  result 
ing  equations  are  (18): 


fp  =  1  -  exp  -  b  2  f(a) 


where: 


a  =  ( 


t*  2 


4RV 


f(a)  =  a  . 1  {  1  -  exp[-  ira2  (^  -  m2  +  1^  m*)]  }dm 


a  *t 
P 

Representative  volume  fraction  versus  time  plots  obtained  by  using  these  equations 

for  the  Ti-Co  and  Ti-Ag  alloys  are  shown  in  Fig.  5.  It  can  be  seen  that  in  the 

case  of  the  Ti-Co  alloy  (Fig. 5a),  f  increases  more  rapidly  than  f  ,  whereas  the 

p  m 

reverse  situation  is  observed  in  the  case  of  the  Ti-Ag  alloy.  From  plots  similar 


to  those  shown  in  Fig.  5,  we  can  construct  the  TTT  diagram  for  each  mode  of  growth. 


0.08-  Ti-3.2  at  %  Co 

T  =  944°K 
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as  shown  in  Fig.  6.  In  these  plots,  the  time  required  for  the  initiation  of  the  g 


and  the  g-*-a+8,  reactions,  taken  as  the  time  needed  to  obtain  a  volume  fraction 
of  IX,  is  plotted  as  a  function  of  temperature.  The  transformation  mode  which  pre¬ 
dominates  and  thus  the  one  that  is  observed  is  the  one  whose  TTT-start  curve  lies 
at  the  shorter  times.  In  Fig.  6b  in  which  the  TTT  curves  for  the  Ti-Ag  alloy  are 
presented,  it  is  very  clear  that  the  massive  transformation  predominates  over  the 
equilibrium  reaction  at  all  temperatures,  even  above  the  eutectoid  temperature. 

However,  Fig.  6a  shows  that  while  the  equilibrium  precipitation  reaction  is  pre¬ 
ferred  above  and  somewhat  below  the  eutecoid  temperature,  the  massive  transformation 

is  preferred  at  lower  temperatures.  However,  the  M  temperature  of  the  Ti-Co  alloy 

s 

(19),  falling  at~  850  K,  indicates  that  much  of  the  predicted  region  of  the  massive 
transformation  will  be  pre-empted  by  martensite  formation. 

D.  Mechanism  of  "Black  Plate"  Formation 

"Black  plates"  were  first  reported  in  a  hypoeutectoid  Ti-Cr  in  1957;  initial 
observations  on  them  were  made  solely  by  optical  microscopy(5) .  As  part  of  the 
present  program,  they  have  been  further  investigated  with  both  optical,  and  especially, 
transmission  electron  microscopy,  and  a  model  for  their  origin  has  been  developed. 

Black  plates  are  distinguished  from  normal  Widmanstatten  a  plates  by  the  following 
characteristics: 

(a)  Very  thin,  well  formed  black  plates  precipitate  at  lower  reaction  tempera¬ 
tures  and  replace  the  degenerate  normal  proeutectoida  plates  which  form  at  higher 
isothermal  reaction  temperatures.  (This  observation  was  first  reported  in  ref. (5); 
all  succeeding  results  were  obtained  during  the  present  investigation); 

(b)  SAD  pattern  analysis  showed  that  both  types  of  a  plates  are  h.c.p.  and 
obey  the  Burgers  orientation  relationship  with  respect  to  the  matrix  g  phase; 
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(c)  The  black  plates  are  associated  with  a/110l  habit  in  contrast  to  the 

1  J6 

near-{lll}  habit  that  is  usually  exhibited  by  normal  a  plates  in  Ti  alloys  (20,21). 
P 

(d)  The  lengthening  kinetics  of  black  plates  are  significantly  higher  than 
that  of  normal  a  plates  at  a  given  reaction  temperature; 

(e)  Black  plates  appear  to  be  extremely  resistant  to  coarsening. 


Volume  fraction  untransformed  measurments  have  now  been  carried  out  on  the 


specimens  of  a  hypoeutectoid  Ti-7%Cr  alloy  by  the  point  counting  techneque.  As 
can  be  seen  from  the  plots  in  Fig.  7,  the  percentage  of  a  phase  present  in  these 
samples  at  a  given  temperature  approached  a  constant  value  which  was  found  to  be 
quite  accurately  equal  to  that  predicted  by  application  of  the  Lever  Rule  to  the 
a+6  region  or  its  metdStable  equilibrium  extrapolation.  The  eutectoid  isotherm 
in  the  Ti-Cr  system  occurs  at  940  K.  It  is  significant  that  even  at  lower  isother¬ 
mal  reaction  temperatures  the  volume  fraction  of  the  a  phase  approaches  a  constrant 
value,  indicating  that  the  a+f3  microstructure  is  able  to  achieve  metastable  equili¬ 
brium  (as  originally  shown  by  Frost  et  al  (22)).  In  Fig.  8,  the  experimentally  de¬ 
termined  equilibrium  (stable  and  metastable)  volume  fraction  of  the  a  phase  at 
various  temperatures  is  plotted  and  compared  with  the  values  predicted  from  the 
phase  diagram  by  application  of  the  Lever  Rule.  A  discontinuity  in  the  experimental 
data  is  evident  at  893-898°K.  Before  comparing  the  experimental  data  with  the  calcula 
ted  curves,  we  must  pause  to  examine  the  Ti-Cr  phase  diagram  in  more  detail. 

The  3  solid  solution  in  titanium  alloys  is  usually  associated  with  a  large 
positive  deviation  from  ideality.  This  fact  has  been  experimentally  verified  by 
direct  thermodynamic  measurments  (23)  in  Ti-Cr  and  also  by  indirect  methods  in 
several  binary  titanium  alloy  such  as  Ti-V  and  Ti-Mo  (24-29).  One  manifestation 
of  the  thermodynamic  nature  of  the  8phase  is  the  development  of  a  misibility  gap, 
either  stable  (as  in  Ti-Mo  (25)  )  or  metastable  (in  Ti-V,  Ti-Nb, Ti-Cr  etc.),  resulting 
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Ti-6.6  at  %Cr,  g-solutionized  and  isothermally  reacted  at 
indicated  temperatures.  Plot  of  volume*^  g  phase  untransformed  as 
a  function  of  holding  time  at  the  isothermal  reaction  temperature. 
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Figure  8: 


Ti-6.62  at  %  Cr.  Equilibrium  or  metastable  equilibrium  volume 
fraction  of  6  phase  as  a  function  of  temperature.  The  continuous 
line  was  calculated  from  the  phase  diagram  bv  means  of  the  Lever  Rule 


in  the  monotectoid  reaction,  g  (Ti-rich>+a  +  g^solute-rich) .  The  Ti  Cr  system  is 
characterized  by  the  following  excess  free  energy  functions  (29): 


gexcess 

Cj 

=  x(l-x) 

[24667  -  6.7  T  -  300(l-2x)l 

[19] 

dexcess 

G 

=  x(l-x) 

[43403] 

[20] 

The  metastable  equilibrium  diagram  of  the  Ti-Cr  system  was  calculated  and  is  super¬ 
imposed  on  the  equilibrium  phase  diagram  in  Fig.  9.  The  metastable  monotectoid  re¬ 
action  and  the  chemical  spinodal  boundary  are  also  shown  and  it  can  be  seen  that  the 
metastable  extensions  of  the  g  / (a  "g  )  boundary  terminate  at  the  spinodal  boundaries. 

A  similar  construction  has  been  previously  reported  by  Cahn  (30).  As  pointed  out 
by  Menon  et  al  (31),  below  a  certain  temperature,  a  common  tangent  cannot  be  construct¬ 
ed  between  the  free  energy-composition  curves  of  the  a  phase  and  the  Ti-rich  portion 
of  the  g  phase  and  that  the  spinodal  composition  delineates  the  richest  composition 
from  which  such  a  common  tangent  construction  can  be  made.  This  is  easily  seen  from 

the  G-X  diagrams  drawn  at  two  different  temperatures  shown  in  Fig.  10.  In  this  figure 

a 

it  may  be  noticed  that  while  two  common  tangents  can  be  constructed  between  the  G 

g 

and  the  Gp  curves  at  950K,  only  one  such  tangent  can  be  drawn  at  850K.  The  effect 
of  the  positive  excess  enthalpy  of  the  g  phase  in  Zr  alloys  upon  the  sequence  of 
phase  transformations  has  been  examined  in  detail  and  experimentally  verified  (31— 

35).  The  present  experimental  result  also  appears  to  be  a  direct  consequence  of 
the  thermodynamics  of  the g  phase.  The  shift  from  the  a  -g^  equilibrium  to  the 
or g2  equilibrium  results  in  an  increased  driving  force  for  the  precipitation  reaction, 
such  as  could  account  for  the  accelerated  growth  rate  of  black  plates;  this  shift 
should  also  be  responsible  for  the  dicontinuous  and  drastic  drop  in  the  metastable 
equilibrium  proportion  of  untransformed  shown  in  Fig.  8.  The  large  change  in  the  lattic 
parameter  of  the  g  phase,  from  0.3283  nm  at  Ti-6.62  at.  %  Cr  to  0.883  nm  at  Ti-84  at.  % 
(corresponding  to  the  high-Cr  termination  point  of  the  metastable  monotectoid 


T  a950°K 


T=850°K 


Figure  10:  Free  energy  composition  diagrams  showing  G  and  G  curves,  (a)  At  950°K,  Common 

tango. .l.,  for  the  ::-E|t  stable  equilibrium  and  the  x-^  unstable  equilibrium  can  be  constructed 
(b)  At  OolJ  K  only  the  x-u  metastable  equilibrium  can  be  obtained. 
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invariant  line),  would  lead  to  a  large  difference  in  the  a :0  interfacial  structure, 
and  hence  possibly  in  morphology  as  well.  We  are  currently  carrying  out  a  detailed 
structural  analysis  of  the  a :0  interface  by  means  of  TEM  in  order  to  test  this  predic¬ 
tion.  The  interfacial  structures  of  the  broad  faces  of  both  normal  a  and  black  plates 
are  being  studied. 

The  calculations  predict  the  transition  fromocBi  metastable  equilibrium  to 
a  -$2  metastable  equilibrium  to  occur  at  891  K  while  the  experimentally  observed 
transition  temperature  is  about  6  K  higher.  This  rather  small  difference  may  be 
real,  and  perhaps  due  to  the  fact  that  a  higher  oxygen  content  in  the  alloy  studied 
relative  to  that  on  which  thermodynamic  measurements  were  made  would  increase  the 
relative  stability  of  the  a  phase,  resulting  in  a  higher  transition  temperaure. 

This  hypothesis  is  further  strengthened  by  the  observation 36 )  that  the  addition 
of  4%  A1  (A1  is  a  strong  stabilizer)  to  a  Ti-10%  Mo  alloy  raises  this  transition 
temperature  by  about  75° . 

On  the  basis  of  these  considerations,  it  is  concluded  that  the  black  plates 
found  in  many  Ti  alloys  probably  result  from  the  abrupt  shift  in  the  metastable 
equilibrium  compositions  of  the  two  participating  phases, a  and  g.  This  derives  from 
the  thermodynamic  nature  of  the  g  solid  solution. 

E.  Influence  of  Beta  Grain  Size  upon  Proeutectoid  Alpha  Morphology 

This  investigation  will  become  the  Ph.D.  thesis  research  of  Miss  Amber  Dailey. 

Her  tuition  and  stipend  are  being  funded  by  the>  CMU  Department  of  Metallurgical 
Engineering  and  Materials  Science;  her  consumable  supplies  are  furnished  by  the 
present  grant. 

Investigations  by  Dr.  F.H.  Froes  and  co-workers  (37)  at  Wright-Patterson  Air 
Force  Base  have  shown  that  replacing  the  Widmanstatten  morphologies  of  proeutectoid 
alpha  with  grain  boundary  allotrimorphs  significantly  improves  fatigue  properties. 
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This  replacement  was  accomplished  through  the  development  of  very  small  beta  grain 
sizes  as  a  result  of  the  presence  of  finely  distributed  porosity  and/or  inorganic 
particles  remaining  from  the  alloy  manufacturing  process.  This  effect,  though  still 
not  formally  recognized  in  the  titanium  alloy  literature,  has  been  known  for  more 
than  a  century  in  connection  with  the  proeutecoid  ferrite  reaction  in  steel.  However, 
the  detailed  growth  mechanism  through  which  this  is  achieved,  though  discussed  theo¬ 
retically  in  some  detail  (38), has  not  been  properly  investigated  experimentally  because 
of  destruction  of  the  austenite  matrix  in  steel  by  the  martensite  transformation 
during  quenching  to  room  temperature.  Hence  the  changes  in  the  interphase  boundary 
structure,  particularly  with  respect  to  growth  ledges,  which  are  expected  to  attend 
reductions  in  matrix  grain  size,  cannot  be  studied.  In  this  investigation,  we  propose 
to  transfer  the  steel  problem  to  the  proeutectoid  alpha  reaction  in  Ti-X  alloys 
(probably  er  fiasizing  the  Ti-Cr  system),  taking  advantage  of  the  convenient  retain- 
ability  of  the  beta  matrix  to  make  the  requisite  high-resolution  TEM  studies  of 
interphase  boundary  structure  as  a  function  ofg  grain  size.  Miss  Dailey's  study 
will  thus  make  full  use  of  Mr.  Menon's  investigation  of  proeutectoid  alpha :beta 
boundary  structure  in  coarse-grained  Ti-Cr  alloys,  and  build  further  upon  it. 

Emphasis  will  also  be  placed  on  gathering  quantitaitve  data  on  the  influence  of 

beta  grain  size  upon  the  W  (Widmanstatten-start )  temperature  as  a  function  of  alloy 

s 

composition.  This  latter  set  of  results  should  be  of  considerable  practical  interest 
to  the  titanium  alloy  development  programs  in  Dr.  Froes'  group. 

This  study  will  be  conducted  in  collaboration  with  Dr.  F.H.  Froes.  During  the 
P.I.’s  first  visit  to  Dr.  Froes'  group  he  was  delighted  to  learn  that  rapid  quenching 
techniques,  e.g.,  melt  spinning,  can  yield  beta  grain  sizes  as  small  as  100  nm. 

Dr.  Froes  indicated  that  these  grain  sizes  are  relatively  stable,  though  manipulable, 
since  the  beta  grains  extend  entirely  through  the  thickness  dimensions  of  the  foils 
in  which  they  are  formed  and  hence  their  boundaries  tend  to  be  anchored  at  the  foil 
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surfaces.  We  have  accordingly  requested  that  Dr.  Froes'  operation  supply  a  quant¬ 
ity  of  Ti-7%  Cr  rapidly  quenched  microcrystalline  foil  upon  which  Miss  Dailey  can 
begin  her  investigation.  In  the  meantime,  she  is  taking  the  coursework  and  accomplish¬ 
ing  the  literature  reading  needed  to  provide  a  sound  basis  for  her  research.  She 
has  also  learned  the  heat  treatment  techniques  used  in  our  group  for  titanium-base 
alloys  and  has  begun  to  acquire  proficiency  in  transmission  electron  microscopy. 

This  technique,  supplemented  by  optical  microscopy,  will  be  the  principal  experiment¬ 
al  tool  used  during  her  thesis  research. 

Ill .  The  Bainite  Reaction 

This  program  is  the  Ph.D.  thesis  research  of  Mr.  Hwack  Joo  Lee. 

A.  Surface  Relief  Effects 

Three  definitions  of  bainite  are  currently  in  use,  each  referring  to  a  different 
set  of  phase  transformations  phenomena  (1).  In  this  program,  the  "generalized  micro- 
structural"  definition  of  bainite  (1,6)  is  being  employed:  bainite  is  the  product 
of  a  non-lamellar ,  non-cooperative  (2)  mode  of  eutectoid  decomposition.  Hence 
precipitation  of  intermetalllc  compound  as  well  as  of  alpha  is  important.  However, 
the  most  widely  accepted  definition  of  bainite  at  the  present  time  is  the  "surface 
relief"  definition.  Stating  this  in  modernized  fashion,  bainite  consists  of  pre¬ 
cipitate  plates  which  grow  by  shear  at  rates  paced  by  diffusion;  slow  growth  rates 
indicate  the  participation  of  diffusion  in  the  transformation  process,  whereas  an 
invariant  plane  strain  surface  relief  effect  "proves"  that  shear  also  plays  a  signi¬ 
ficant  role.  The  particular  facet  of  the  arguments  surrounding  this  definition  with 
which  this  portion  of  our  program  deals  is  that  of  the  morphology  of  the  surface  • 
relief  effect.  As  Wayman  (39)  has  pointed  out,  one  of  the  requirements  which  a 
product  phase  crystal  must  fulfill  exactly  if  it  is  to  be  eligible  for  classification 
as  the  product  of  a  martensitic  transformation  is  that  the  relief  effect  which  it 


produces  when  formed  at  a  free  surface  be  of  the  invariant  plane  strain  type. 

Indeed,  product  phase  plates  which  are  indisputably  formed  by  a  martensitic  or 
shear  mechanism  do  produce  Just  this  effect.  However,  a  considerable  variety  of 
effects  in  addition  to  the  invariant  plane  strain  (IPS)  morphology  have  been  found 
to  accompany  formation  of  slowly  growing  precipitate  plates  (39,  40-42).  Advocates 
of  a  shear  mechanism  for  the  formation  of  such  plates  have  utilized  a  variety  of 
explanations  in  an  attempt  to  rationalize  non-IPS  effects  within  the  framework  of 
a  shear  mode  of  transformation.  The  simplest  and  one  of  the  most  common  non-IPS 
relief  effects  is  tent -shaped.  The  simplest  shear-oriented  explanation  for  this 
relief  is  that  it  consists  of  two  plates  formed  back  to  back  (39,43).  For  the  parti¬ 
cular  case  of  proeutectoid  ferrite  plates  in  steel,  this  explanation  has  been  refuted 
by  optical  microscopy  and  thermionic  electron  emission  microscopy  observations  (2) 
and  by  the  Kossel  micro-diffraction  technique ( 44 ) .  Recently,  however,  TEM  evid¬ 
ence  has  been  introduced  for  the  back-to.  back  plates  explanation  (45).  This  finding 
is  likely  due  to  Incompetent  heat  treatment  of  an  Fe-C  alloy,  such  that  second 
plates  were  able  to  nucleate  sympathetically  in  the  back-to-back  configuration  at 
those  formed  initially  as  a  consequence  of  insufficiently  rapid  quenching  from  the 
transformation  temperature  to  room  temperature  (46).  However,  transformations  in 
interstitial  alloys  do  not  always  provide  the  most  decisive  models  for  testing  shear 
mechanisms  because  the  possibility  is. said  to  exist  that  the  substitutional  atoms 
can  undergo  a  lattice  transformation  by  shear  while  the  interstitials  can  be  partition 
ed  dif fusionally  between  the  product  and  matrix  phase  without  markedly  affecting 
the  mechanics  of  shear  (47).  Accordingly,  we  have  undertaken  to  repeat  the  surface 
relief  and  TEM  experiments  on  a  Ti-7.15%  Cr  alloy  in  order  to  take  advantage  of 
the  subsitutional  character  of  both  parent  and  product  phases  during  the  formation 
of  proeutectoid  alpha  plates. 


Specimens  with  a  prepolished  surface  which  had  then  been  carefully  cleaned 
were  wrapped  in  a  Ta  foil  and  then  Vycor  encapsulated  in  vacuo.  Following  a  solution 
annealing  treatment  of  20  min.  at  1000  C,  they  were  isothermally  reacted  at  687  C, 
a  temperature  not  far  above  that  of  the  eutectoid;  quenching  was  performed  by  immersing 
the  capsules,  unbroken,  in  iced  brine. 

Fig.  11a  shows  proeutectoid  alpha  sideplates  with  bright  field  illumination 
in  a  specimen  reacted  70  min.  at  687  C;  the  same  area  is  shown  in  Fig.  lib  photo¬ 
graphed  with  the  Nomarski  differential  interference  technique  under  xenon  ill¬ 
umination.  Close  inspection  of  Fig.  lib  indicates  that  all  alpha  plates  exhibit 
a  tent -shaped  relief  effect.  In  Fig.  12  the  same  specimen  is  imaged  in  TEM  after 
thin  foil  preparation;  Fig.  12b  shows  in  dark  field  the  same  area  as  is  displayed 
in  bright  field  in  Fig.  12a.  The  selected  area  diffraction  pattern  of  Fig.  13  confirms 
that  the  product  phase  is  alpha  and  that  it  exhibits  the  usual  Burgers  orientation 
relationship  with  respect  to  beta.  (Extra  spots  in  this  diffraction  pattern  are 
due  to  the  omega  phase  (48).)  Figs.  12  and  13  make  clear  that  each  alpha  plate  is 
a  single  crystal.  There  is  no  evidence  of  back-to-back  formation  of  alpha  plates. 
Despite  the  relatively  slow  cooling  rates  permitted  within  an  evacuated  Vycor  capsule, 
the  transformation  kinetics  were  slow  enough  to  permit  avoidance  of  the  sympathetic 
nucleation  of  additional  plates  during  quenching  to  room  temperature. 

Hence  clear-cut  evidence  is  presented  that  tent-shaped  surface  relief  effects 
are  produced  by  single,  slowly  growing  (49)  precipitate  plates  formed  in  a  substitu¬ 
tional  solid  solution.  On  the  phenomenological  theory  of  martensite  (39),  these 
plates  cannot  have  formed  by  shear.  The  implications  of  this  quite  definite  result 
with  respect  to  the  transformation  mechanism  of  ferrite  and  bainite  plates  in  steel 
which  also  yield  a  tent-shaped  surface  relief  effect  is  obvious. 


'  / 
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B.  Morphology,  Crystallography,  Growth  Kinetics  and  Mechanism  of  Bainlte  Nodule  Formation 
in  a  Hypereutectold  Ti-Cr  Alloy 

1 ,  Introduction 

One  of  the  original  objectives  of  this  program  was  to  conduct  a  detailed 
investigation  of  bainite  nodule  formation.  Such  nodules  were  reported  in  1957  in 
a  high-oxygen  Ti-10.64%  Cr  alloy  (5).  During  the  recent  investigation  of  Franti 
et  al  (6),  however,  it  was  noted  that:  (a)  bainite  nodules  do  not  form  to  a  signi¬ 
ficant  extent  in  hypoeutecoid  alloys  in  any  of  the  other  nine  Ti-X  systems  in  which 
the  proeutectoid  alpha  and  then  the  bainite  reaction  occur  instead  of  the  massive 
alpha  transformation,  and  (b)  even  in  the  lower  oxygen  Ti-Cr  alloys  now  available 
nodule  formation  is  not  pronounced.  Evidently  coarsening  of  the  Widmanstatten  alpha 
structure  occurs  more  rapidly  in  the  presence  of  higher  oxygen  concentrations. 

Coarsening  makes  available  sufficiently  large  contiguous  volumes  of  beta  which  are 
free  of  alpha  plates  in  the  vicinity  of  the  beta  grain  boundaries  so  that  bainite 
nodules  nucleating  at  grain  boundary  alpha  allotriomorphs  are  able  to  develop  in 
readily  recognizable  form.  When  bainite  formation  begins  before  this  much  coarsen¬ 
ing  has  occurred,  the  nodules  simply  fill  in  the  plate-like  volumes  of  beta  which 
remain  between  closely  spaced  proeutectoid  alpha  plates.  Presumably  the  mechanism 
of  the  transformation  is  the  same  but  the  morphology  of  the  nodules  thus  formed  does 
not  lend  itself  well  to  either  measurement  or  analysis. 

Recalling  another  early  Air  Force-sponsored  investigation  of  transformations 
in  Ti-Cr  alloys,  this  time  in  a  hypereutectoid  alloy  (50),  it  was  noted  that  bainite 
nodules  in  this  composition  range  develop  much  more  readily  because  proeutectoid 
TiCr^plates  form  far  less  voluminously  and  much  more  slowly  than  proeutectoid  alpha 
plates  do  in  hypoeutectoid  alloys.  Two  hypereutectoid  Ti-Cr  alloys  were  accordingly 
purchased  from  Timet,  Henderson,  NV.,  through  the  courtesy  of  Dr.  J.A.  Hall, 


and  did  indeed  prove  satisfactory  for  an  investigation  of  bainite  nodule  formation. 


All  of  the  studies  reported  here  were  conducted  on  a  Ti-25%  Cr  alloy  reacted 
at  665  C.  Extension  of  these  studies  to  other  reaction  temperatures  is  presently 
in  progress. 

2 .  Bainite  Nodule  Morphology 

a .  Optical  Microscopy  Studies 

Fig.  14a  shows  a  variety  of  bainite  nodule  shapes  along  a  beta  grain 
boundary  at  which  precipitation  began  by  formation  of  proeutectoid  TiCr^  sideplates. 
Others  evolved  in  approximately  hemispherical  fashion.  In  Fig.  14c,  impingement 
is  seen  to  have  converted  the  bainite  structure  into  an  optically  almost  unresol- 
vable  "sheet",  thickening  about  uniformly  normal  to  the  grain  boundary.  Fig.  15 
indicates  that  the  details  of  bainite  nodule  morphology  vary,  as  expected,  from  one 
grain  boundary  to  the  next;  however,  these  variations  are  not  very  large,  and  likely 
reflect  primarily  variations  in  proeutectoid  TiCr2  morphology.  Fig.  16  shows  intra- 
granular  TiCr2  plates  gradually  being  engulfed  by  bainite  nodules. 

b.  SEM  and  TEM  Studies 

Fig.  17  is  an  SEM  micrograph  of  bainite  nodules  developed  at  a  beta 
grain  boundary  in  the  Ti-25%  Cr  alloy  reacted  for  1  hr.  at  665  C.  The  TiCr2  crystal 
are  seen  to  be  largely  non-lamellar  and  quite  irregular  in  shape.  Sideplate  nodules 
have  developed  into  the  "upper"  beta  grain  and  spherical  nodules  into  the  "lower" 
one,  indicating  that  crystallography  probably  determines  the  type  of  nodule  deve¬ 
loped.  Note  that  TiCr2  does  not  occupy  completely  the  beta  grain  boundary.  Eutec- 
toid  alpha  is  in  contact  with  some  areas  of  this  boundary.  Fig.  18  illustrates 
intragranular  bainite  nodules  in  the  same  specimen.  Both  sideplate  and  spherical 
nodules  are  present,  with  the  overall  morphologies  being  reminiscent  of  "inverse 
bainite"  in  hypereutectoid  steels  (2). 
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Figs.  19  and  20  are  bright-and-dark  field  micrographs,  respectively,  of  the 
same  area,  a  portion  of  a  bainite  nodule.  Misfit  dislocations  are  observed  at  both 
alpha:beta  and  TiCr^beta  interfaces;  they  are  spaced  ca.  15  nm.  apart  at  the  former 
boundaries  and  somewhat  more  widely  and  irregularly  at  the  latter.  Fig.  21  is  a 
magnified  view  of  a  portion  of  Fig.  20  (dark  field),  illustrating  more  clearly  facets 
on  TiCr^sbeta  interfaces.  This  set  of  micrographs  thus  shows  that,  in  accord  with 
expectation  from  nucleation  theory  (51)  but  not  with  recent  (unsubstantiated)  views 
of  equivalent  microstructures  in  alloy  steels  (52),  that  the  irregularly  shaped  bainite 
nodules  are  composed  of  alpha  and  TiCr2  crystals  which  are  apparently  largely  if 
not  entirely  enclosed  by  partially  coherent  interphase  boundaries.  Quantitative 
characterization  of  these  structrues  is  now  being  attempted. 

Fig.  22  is  a  bright  field  TEM  micrograph  of  a  sideplate-type  bainite  nodule. 

Note  that  interphase  boundaries  are  again  partially  coherent;  the  features  which 
are  ledges  remain  to  be  distinguished  from  those  which  are  misfit  dislocations  (and 
possibly  Moire  fringes).  Note  that  "cooperation"  between  growth  of  alpha  and  TiCr2 
is  distinctly  poorer  than  in  the  case  of  pearlite.  Unlike  bainite  in  hypoeutectoid 
steels,  the  intermetallic  compound  and  alpha  phases  are  present  in  similar  pro¬ 
portions.  Different  from  both  ferrous  bainite  and  pearlite  are  also  the  observations 
that  TiCr2  is  in  contact  with  the  (beta)  matrix  on  one  side  of  the  nodule  and  alpha 
is  so  positioned  on  the  other.  Hence  the  combined  nucleation  and  growth  rates  of 
the  two  phases  are  presumably  roughly  comparable  rather  than  widely  disparate  as 
in  steel. 

3.  Bainite  Nodule  Crystallography 

TEM  was  used  to  evaluate  the  crystallography  of  the  bainite  nodules. 

As  in  our  previous  reports, 

(oooiy/  (iio)B  //  dii)TiCr 
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However,  at  a  given  grain  boundary,  a  Burgers  relationship  betweena  and  6  normally 
could  and  did  appear  with  respect  to  only  one  of  the  two  beta  grains  forming  the 
boundary.  In  Fig.  23  a  Burgers  relationship  was  found  between  and82»  but  not 
between  and  JJ  .  Note  that  grew  preferentially  into  3^ — an  often  reported 
type  of  result  in  other  transformations  (53-55).  Fig.  24  shows  heavily  faceted  bain- 
itic  alpha .with  irregular  TiCr2  crystals  "randomly"  dispersed  within  it.  Note  that 
the  large  TiCr2  crystal  in  the  upper  left  hand  portion  of  this  Figure  has  just  been 
surrounded  by  bainitic  alpha.  In  Fig.  25a  the  beta:bainitic  alpha  interface  exhibits 
two  arrays  of  orthogonal  linear  defects,  at  least  one  of  which  is  probably  misfit 
dislocations.  This  boundary  also  appears  to  include  rather  high  ledges.  Dark-field 
illumination  (Fig. 25b)  indicates  that  the  alpha: alpha  boundary  in  this  nodule  is 
of  the  small-angle  type.  Note  also  the  heavily  faceted  TiCr2  crystal  just  below 
the  center  of  Fig.  25a.  The  twins  in  this  crystal  were  probably  formed  during  ion 
milling;  other  damage  due  to  this  process  (which  must  be  used  in  order  to  avoid  intro 
duction  of  the  hydrogen-induced  interface  phase  during  electrothinning)  is  evident 
in  Fig.  25b.  Fig.  26  displays  a  small  TiCr2  crystal  recently  nucleated  at  a  beta: 
bainitic  alpha  boundary  which  subsequently  became  planar.  Close  inspection  of 
the  TiCr2  crystal  and  of  the  beta:bainitic  alpha  boundary  to  the  "right"  of  this 
crystal  suggests  again  the  presence  of  misfit  dislocations.  Fig.  27  includes  two 
dark-field  micrographs  taken  of  the  area  shown  in  Fig.  25.  Comparison  with  Fig. 

25  indicates  that  the  various  TiCr2  crystals  present  have  different  orientations 
(though  presumably  from  a  common  set  of  orientation  relationships).  This  is  a  sit¬ 
uation  different  from  that  of  pearlite  (56),  emphasizing  another  aspect  of  the  dis¬ 
tinctions  between  lamellar  and  non-lamellar  eutectoid  structures.  The  demonstration 


in  Fig. 28  that  a  TiCr_crystal  can  protrude  far  ahead  of  the  beta :bainitic  alpha 


Figure  23 


Figure  28 
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interface  emphasizes  another  aspect  of  the  non-cooperative  nature  of  the  microstruct- 
ural  bainite  reaction. 

4 .  Bainite  Nodule  Growth  Kinetics 

Fig.  29  shows  maximum  bainite  nodule  radius  as  a  function  of  isothermal 
reaction  time.  The  slope  of  this  plot  is  initially  constant,  diminishing  later  as  a  conse¬ 
quence  of  supersaturation  in  the  remaining  beta  matrix.  This  slope  corresponds  to  a  growth 
rate  of  ca.  0.7  x  10  7cm./sec.  Using  a  pearlite-like  model  for  the  growth  rate  yields  a 
value  of  ca.  1.3  x  10  7  cm. /sec.  Further  refinement  of  the  calculation  is  in  progress; 
at  this  point  in  the  research,  however,  it  seems  safe  to  conclude  that  growth  of 
the  bainite  nodules  is  controlled  by  volume  diffusion  through  the  matrix  phase. 

This  result  is  consistent  with  the  indications  we  have  reported  that  the  beta : bainitic 
alpha  boundaries  are  usually  partially  coherent.  Such  boundaries  are  unlikely  to 
provide  good  paths  for  "short  circuit"  diffusion.  Extension  of  these  measurements 
to  lower  temperatures  will  be  emphasized,  however,  in  order  to  provide  boundary 
diffusion  with  better  opportunities  to  become  the  dominant  mechanism. 

C .  The  Proeutectoid  Alpha  and  the  Bainite  Reactions  in  Ti-3.9%  Co 

In  this  and  succeeding  subsections,  numerous  transmission  electron  micrographs 
will  be  presented  in  which  misfit  dislocations  and  growth  ledges  are  displayed. 

Quantitative  characterization  of  these  vital  features  of  interphase  boundary 
structure  is  just  now  beginning  in  both  this  (the  bainite)  and  in  the  previous 
(proeutectoid  alpha)  sections,  and  should  be  a  central  feature  of  next  year's  Annual 
Report . 

The  eutectoid  temperature  and  composition  in  Ti-rich  Ti-Co  alloys  are  685  C 
and  9.5  W/0  Co,  respectively.  The  intermetallic  compound  in  equilibrium  with  alpha 
at  and  below  the  eutectoid  temperature  is  T^Co,  an  ordered  fee  structure  with  96 
atoms  per  unit  cell  and  a  =  1.1306  nm. 
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1 .  The  Proeutectoid  Alpha  Reaction  Below  the  Eutectoid  Temperature 

We  take  the  bainite  reaction  in  Ti-X  alloys  to  consist  of  intermetallic 
compound  (or  other  "second  phase")  precipitation,  initiated  at  proeutectoid  alpha: 
beta  interfaces,  followed  by  further  growth,  and/or  nucleation  of  additional  alpha 
about  the  compound  crystals  thus  formed.  Hence  it  is  important  to  examine  first 
the  structure  of  proeutectoid  alpha:beta  interfaces  at  which  compound  nucleation 
occurs.  Much  of  this  work  is  being  undertaken  in  general  fashion  as  part  of 
Mr.  Menon’s  thesis  research,  described  in  Section  II.  These  studies  are  being  suppl¬ 
emented  by  Mr.  Lee  in  order  to  assure  still  closer  coupling  between  them  and  his 
concern  with  formation  mechanism  of  bainitic  intermetallic  compound  crystals. 

Fig.  30  and  31  are  dark-field  images  of  retained  beta,  photographed  with  a 

(110)  reflection  (the  black  background  in  both  micrographs  is  alpha),  in  which  both 

6 

misfit  dislocations  (thin,  parallel  lines,  spaced  ca.  10  nm.  apart)  and  growth  ledges, 
thicker  black  lines,  more  irregularly  spaced,  about  40  nm.  apart,  are  clearly  revealed. 
Fig.  31  suggests  that  more  than  one  array  of  misfit  dislocations  is  likely  to  be 
present.  Superledges,  each  composed  of  multiple  smaller  ledges  very  closely  spaced, 
are  also  clearly  visible  and  indicated  by  arrowheads.  Fig.  32  is  an  equivalent  dark- 
f ield-of-( 1 10)  micrograph  dramatically  displaying  the  misfit  dislocation  and  ledge 
structures  of  the  edges  of  alpha  plates  (center  of  the  micrograph).  In  each  of 
a  number  of  areas  in  this  micrograph,  the  ledges  are  seen  to  be  producing  growth 
in  a  quite  specific  direction.  Arrowheads  indicate  locations  where  misfit  dislocations 
are  most  clearly  visible,  again  spaced  ca.  10  nm.  apart. 

2 .  The  Bainite  Reaction  in  Tl-3.9%Co 

Figs.  33-35  were  taken  of  the  same  area,  in  bright  field  (Fig. 33),  and 


in  dark  field  with  an  (020^  ^  reflection  (Fig. 34)  and  with  a  (200)^  reflection 
(Fig.  35),  respectively,  at  a  specimen  reacted  for  40  min.  at  625  C.  Fig.  36  is  a 
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selected  area  diffraction  (SAD)  pattern  obtained  from  this  area  of  the  specimen. 

Ti^Co  particles  (arrowheads  in  Fig.  33)  have  clearly  nucleated  at  alpha:beta  bound¬ 
aries  and  then  alpha  has  grown  round  them  and/or  nucleated  at  alpha'.beta  or  Ti2Co: 
beta  interfaces.  Fig.  34  thus  shows  that  a  number  of  Ti2Co  crystals  have  the  same 
spatial  orientation,  as  is  to  be  expected  if  they  nucleated  at  an  alpha:beta  bound¬ 
ary  with  an  essentially  constant  boundary  orientation.  This  mode  of  bainitic  compound 
formation  is  identical  to  that  described  by  Hultgren  (57)  for  the  bainite  reaction 
in  carbon  and  alloy  steels  in  1947.  Precipitation  of  alloy  carbides  in  this  manner 
at  austenite: ferrite  boundaries  of  high-alloy  steels  is  currently  termed  interphase 
boundary  precipitation  (58)  but  is  of  course  the  same  process.  A  theoretical  treat¬ 
ment  of  this  process,  rationalizing  its  main  features,  was  developed  with  the  support¬ 
ed  of  this  grant  and  published  some  years  ago  (59).  Fig.  35  shows  misfit  disloca¬ 
tions  at  an  alpha:beta  boundary.  Small  dark  particles  of  Ti2Co  are  seen  to  be  assoc¬ 
iated  with  some  of  these  dislocations;  examples  are  indicated  by  arrowheads.  This 
association,  and  especially  distinction  between  nucleation  at  dislocations  vs.  growth 
ledges,  remain  to  be  sorted  out  during  the  coming  report  year.  Analysis  of  the  SAD 
pattern  in  Fig.  36,  taken  of  this  area,  shows  that  the  orientation  relationships 
between  alpha  and  Ti2Co  are:  (0001)  //(lOO)^^  Cq,  [l2lo]^/  q0’  The  alPha 

phase  diffraction  spots  are  seen  to  be  split.  This  is  due  to  a  slight  misorienta- 
tion  between  the  lattices  of  eutectoid  alpha  and  of  proeutectoid  alpha.  Fig.  37, 
taken  of  another  area,,  shows  the  low-angle  boundary  between  the  two  alphas  expected 
but  not  visible  in  Fig.  33.  This  misorientation  could  have  arisen  from  sympathetic 
nucleation  of  eutectoid  alpha  at  alpha:beta  boundaries;  previous  work,  by  Mr.  Menon, 
on  this  program,  has  shown  that  the  sympathetic  nucleation  process  during  the  proeu¬ 
tectoid  alpha  reaction  in  a  Ti-Cr  alloy  (and  doubtless  in  other  Ti-base  alloys  as 


well)  results  in  a  slight  misorientation  of  the  crystal  thus  produced  with  respect 


to  its  substrate  alpha  crystal.  However,  from  the  standpoint  of  supersaturation, 
a  more  likely  nucleation  site  for  eutectoid  alpha  would  be  a  betarTi^Co  interfaces- 
-  or  perhaps  even  the  junction  lines  of  alpha,  beta  and  Ti^Co  crystals.  The  parti¬ 
cular  boundary  orientation  of  that  portion  of  a  Ti^Co  crystal  (for  example)  which 
served  as  (at  least  part  of  )  the  substrate  seems  likely  to  influence  the  precise 
orientation  relationship  taken  up  by  the  eutectoid  alpha  crystal  nucleated  at  this 
site.  Clearly,  though,  further  inquiry  into  this  point  is  needed.  Fig.  38  provides 
indications  that  both  eutectoid  alpha  (Fig.  38a)  and  bainitic  Ti2Co  grow  by  means 
of  the  ledge  mechanism;  typical  growth  ledges  are  indicated  by  arrowheads. 

D.  The  Bainite  Reaction  in  a  Ti-5.2  W/0  Fe  Alloy 

The  eutectoid  reaction  in  the  Ti-Fe  system  is  g+a  +  TiFe,  where  TiFe  is  CsCl- 
orderedbcc,  aQ  =  0.2886  nm.  The  eutectoid  temperature  and  composition  are  585  C 
and  14.5  W/0,  respectively. 

Fig.  39  shows  with  unusual  clarity  the  interfacial  structure  at  an  edge  of  an 
alpha  plate.  Close  inspection  shows  that  dislocations  in  the  matrix  phase  sometimes 
connect  with  the  densely  arrayed  linear  striations  which  laterally  encircle  this  plate 
suggesting  that  they  may  be  misfit  dislocations.  Fig.  40  shows  a  bainitic  TiFe  crystal 
clearly  nucleated  at  a  betaialpha  boundary.  In  this  situation,  it  appears  that 
alpha  has  begun  to  engulf  this  crystal  by  continued  growth  of  the  right  hand  alpha 
plate.  Growth  ledges  can  be  discerned  on  both  alpha  and  TiFe.  Spacing  between 
growth  ledges  on  alpha  averages  ca.  80  nm  whereas  that  on  TiFe  is  approximately  40 
nm. 

It  is  now  becoming  clear  that,  as  should  be  expected  from  recent  developments 
in  nucleation  theory  (51)  and  in  comparisons  of  nucleation  theory  with  experiment 


(60),  that  orientation  relationships  which  result  in  the  predominance  of  partially 


TiFe 
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coherent  interphase  boundaries  and  thus  in  growth  via  the  ledge  mechanism  are  as 
ubiquitous  in  the  bainite  reaction  as  they  are  in  the  precipitation  of  a  single  phase 
from  solid  solution.  Hackney  and  Shiflet  (61)  have  recently  (but  earlier)  reached 
the  same  conclusion  about  pearlite  in  steel,  thereby  upsetting  "established"  theory, 
due  to  Hillert  (56)  and  C.S.  Smith  (62),  in  which  the  primacy  of  disordered  interphase 
boundaries  is  considered  a  fundamental  characteristic  of  this  mode  of  eutectoid 
decomposition . 

E.  A  Re-examination  of  the  Influence  of  Prior  Recrystallization  of  Proeutectoid 
Alpha  upon  the  Mechanism  of  Eutectoid  Decomposition 

In  1978,  Diebold,  Aaronson  and  Franti  (63)  published,  with  the  support  of  the 
present  grant,  a  Communication  presenting  the  results  of  the  following  experiment. 
Following  the  approach  of  C.S.  Smith  (64),  specimens  of  a  Ti-6.2  W/0  Ni  alloy  were 
cold  rolled  to  a  reduction  of  approximately  80%  in  thickness  (  the  maximum  reduction 
that  could  be  imposed  without  incurring  severe  cracking),  reacted  5  C  above  the 
eutectoid  temperature  in  order  to  recrystallize  the  proeutectoid  alpha  and  dissolve 
intermetallic  compound  crystals  present,  and  then  isothermally  reacted  at  various 
temperatures  not  far  below  that  of  the  eutectoid.  Despite  the  severe  cold  working 
imposed,  the  recrystallized  alpha,  though  no  longer  plate  shaped,  still  had  the  ap¬ 
pearance  of  at  least  partially  faceted  idioraorphs.  Nonetheless,  at  one  of  the 
sub-eutectoid  temperatures  used  the  wholly  bainitic  mechanism  of  eutectoid  de¬ 
composition  which  characterizes  hypoeutectoid  Ti-Ni  alloys  (6)  was  replaced  by  that 
of  pearlite.  The  nodules  of  pearlite  thus  produced  were  coarse,  with  rather  ill- 
formed  Ti2Ni  lamellae,  but  were  nonetheless  unmistakably  of  the  pearlitic  rather 
than  the  bainitic  genre. 

The  Diebold  et  al  investigation  utilized  only  optical  microscopy.  Since  then, 
however,  the  results  of  a  study  by  Hackney  and  Shiflet  (61)  on  the  interfacial 
structrures  associated  with  pearlite  in  steel  have  become  available  to  us.  Contrary 


to  the  Smith  (62)-Hillert  (56)  theory,  they  found  that  the  broad  faces  and  the  leading 
edges  of  ferrite  and  carbide  lamellae  are  partially  coherent.  These  results  accord¬ 
ingly  require  a  revision  of  the  explanation  offered,  on  the  basis  of  Smith-Hillert 
theory,  by  Diebold  et  al  for  their  results.  This  explanation  posited  that  the  re¬ 
crystallized  alpha :beta  boundaries,  being  largely  disordered,  were  able  to  evolve 
into  alpha  lamellae  in  conjunction  with  simultaneous  precipitation  of  carbide  lamel¬ 
lae.  In  order  to  provide  additional  information  needed  to  revise  this  explanation 
into  consistency  with  the  Hackney-Shif let  findings,  it  was  decided  to  re-examine 
the  specimens  generated  by  Diebold  et  al  with  TEM. 

Fig.  41-43  summarize  the  results  of  this  study.  They  are  all  TEM  micrographs 
of  a  specimen  which,  after  recrystallization  for  7  days  at  780  C,  was  further  react¬ 
ed  for  4hrs.  at  757  C;  this  processing  cycle  was  shown  by  the  optical  microscopy 
studies  to  be  capable  of  replacing  bainite  by  pearlite.  All  three  of  these  Figures 
are  taken  in  dark-field,  utilizing  (1010)^,(110)^  and  (333 )Ti  Ni  reflections,  respec¬ 
tively.  Figs.  41  and  42  show  fine-scale  parallel  protuberances  issuing  from  the 
"recrystallized"  alpha:beta  interface,  directed  toward  the  remaining  beta  matrix. 

Fig.  43  displays  crude  Ti^Ni  lamellae,  some  in  contact  with  and  others  left  well 
behind  the  advancing  alpha:beta  interface.  Note  the  indications  of  growth  ledges  and 
perhaps  also  misfit  dislocations  at  the  alphaiTi^Ni  interfaces.  Taken  together,  this 
evidence  indicates  that:  (i)  the  thermomechanical  processing  treatment  used  has  evident 
ly  not  succeeded  in  ensuring  that  recrystallized  alpha: beta  interfaces  are  disordered 
over  their  entire  area,  as  indirectly  but  rather  convincingly  demonstrated  by  the  evolu 
tion  of  parallel  sideplates  from  these  interfaces  into  the  beta  matrix;  (ii)  the 
partially  coherent  areas,  which  are  immobile  between  ledges,  were  thus  available  at 
which  Ti2Ni  could  nucleate,  in  accord  with  theory  (59);  (iii)  the  parallelism  of  the 
Ti^Ni  plates  to  each  other,  and  close  inspection  of  Fig.  41  (where  a  few  Ti2Ni  crystals 
may  be  discerned  in  between  alpha  sideplates),  suggest  that  the  broad 


faces  of  the  sideplates  provide  the  immobile  nucleation  sites  needed  to  form  Ti2Ni 
and  (iv)  the  resulting  microstructure  is  perhaps  better  described  as  bainite  than 
as  pearlite,  since  alpha  sideplates  appear  to  be  the  "leading"  phase,  with  Ti2Ni 
crystals  nucleating  irregularly  and  repeatedly  behind  the  edges  of  the  growing  side¬ 
plates  . 

The  following  experiments  remain  to  be  performed  before  these  conclusions  can 
be  fully  accepted:  (1)  partial  coherency  should  be  demonstrated  at  least  at  the 
broad  faces  of  the  sideplates  evolved  from  the  recrystallized  alpha:beta  interfaces; 

(2)  as  indirect  supportive  evidence,  the  presence  of  near-rational  orientation  rela¬ 
tionships  across  such  interfaces  ought  to  be  sought,  and  (3)  the  precise  locations 
of  Ti2Ni  crystals  relative  to  the  sideplates  must  be  established  during  an  early 
stage  in  their  formation. 

IV.  Interaction  with  Structural  Materials  Branch,  Materials  Laboratory, 

AFWAL 

At  the  suggestion  of  Dr.  Alan  H.  Rosenstein,  AFOSR  Program  Manager,  the 
P.I.  has  begun  interacting  with  research  personnel  and  programs  at  the  AFWAL  Materials 
Laboratory  at  Wright-Patterson  Air  Force  Base.  Through  the  good  offices  of  Dr. 

Harris  M.  Burte,  an  introduction  was  arranged  to  Dr.  F.H.  Froes,  Titanium  Area  Manager 
of  the  Structural  Materials  Branch.  All  subsequent  interactions  have  been  conducted 
through  Dr.  Froes.  Within  the  past  year,  the  P.I.  has  paid  three  visits  to  Dr.  Froes' 
operations.  During  two  of  these  visits,  he  gave  a  seminar  directed,  at  Dr.  Froes' 
suggestion,  toward  comparisons  of  phase  transformations  in  titanium  alloys  with  those 
in  steel.  This  approach  has,  in  fact,  set  the  theme  of  the  P.I.'s  visits.  Except 
for  the  seminar,  these  visits  consist  of  tightly  scheduled  discussion  sessions  with 
individual  investigators  or  small  groups  of  investigators,  focussed  upon  research 


programs  on  which  they  are  currently  working.  The  P.I.'s  offerings  during  these 
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discussions  have  been  based  on  knowledge  and  understanding  gathered  during 
research  on  phase  transformations  in  both  titanium  alloys  and  steel.  Much  of  this 
research  has  been  sponsored  by  AFOSR,  and  earlier  by  the  Air  Force  Materials  Lab¬ 
oratory  when  the  P.I.  was  a  postdoctoral  at  Carnegie  Institute  of  Technology  (now 
CMU).  Particularly  in  the  case  of  the  proeutectoid  ferrite  reaction  in  steel  and 
the  proeutectoid  alpha  reaction  in  titanium  alloys,  the  relationships  are  sufficient¬ 
ly  close  to  permit  ready  transfer  of  knowledge — provided  that  a  little  prudence  is 
exercised  to  ensure  that  certain  differences  between  these  materials  are  not  over¬ 
looked.  Perhaps  the  best  example  of  this  transfer  occurred  at  the  outset  of  this 
series  of  visits,  when  it  became  apparent  to  the  P.I.  that  his  AFWAL  colleagues  had 
found  the  same  effect  of  matrix  grain  size  upon  formation  of  the  Widmanstatten  struc¬ 
ture  in  titanium  alloys  as  had  long  been  known  in  steel.  As  .  previously 
noted,  the  P.  I.  had  attempted  to  determine  whether  or  not  this  effect  exists 
25  years  ago  when  a  postdoctoral  at  C.I.T.,  but  without  result  because  of  inability 
to  refine  appreciably  the  beta  grain  size  of  his  Ti-Cr  alloys.  At  least  three  dif¬ 
ferent  mechanisms  are  presently  in  use  at  AFWAL  through  which  substantial  reductions 
in  beta  grain  size  can  be  achieved,  thus  making  possible  an  in-depth  investigation 
of  the  effect  of  grain  size  upon  the  mechanics  of  Widmanstatten  alpha  formation. 

The  P.I.  has  also  begun  to  participate  in  some  of  Dr.  Froes'  programs  on  the 
grain  size  effect  and  during  his  next  visit  to  WPAFB  will  join  his  colleagues  in 
preparing  one  or  two  papers  for  publication  on  the  subject.  The  P.I.  has  found  these 
visits  most  enjoyable,  and  they  have  usefully  impacted  both  his  research  and  teaching 
activities.  He  accordingly  looks  forward  to  continuing  them  for  as  long  as  he  can 
be  useful  to  AFWAL  staff. 
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LIST  OF  FIGURE  CAPTIONS  FOR  MICROGRAPHS 


Figure  11:  a)  Surface  reliefs  of  proeutectoid  a  plates  in  Ti-7.15  W/0  Cr  reacted 

at  687 °C  for  70  min.  b)  Interference  micrgraph  of  the  same  area  (xenon 
illumination;  \  =  0.546  pm). 

Figure  12:  a)  Bright  field  TEM  micrograph  of  proeutectoid  «  plates  Ti-7.15  W/Q 

Cr  reacted  at  687 °C  for  70  min.  b)  Dark  field  micrograph  of  the  same 
area  using  an  a  phase  reflection. 

Figure  13:  SAD  pattern  of  the  same  area  as  Fig.  12;  the  indexed  pattern  shows  Burgers 
orientation  relationship  between  a  and  8.  Extra  spots  derive  from  the  w 
phase. 

Figure  14:  Other  types  of  bainite  nodules  in  Ti-25  W/O  Cr  reacted  at  665°C.  a)  For¬ 
mation  of  sideplate  bainite  nodules  after  one  hr.  of  reaction,  b)  Com¬ 
petition  between  hemispherical  bainite  nodules  and  sideplate  nodules,, 
following  reaction  for  4  hrs..  c)  Band  or  sheet  type  of  bainite  structure 
resulting  from  impingement  of  sideplate  and  hemispherical  bainite  nodules; 
reacted  90  min.  and  etched  in  60%  glycerine,  20%  HNO^,  20%  HF. 

Figure  15:  Overall  view  of  bainite  nodule  formation  along  grain  boundaries  in  Ti-25 

W/O  Cr;  reacted  at  665 °C  for  90  min.  Note  variations  in  nodule  morphology 
at  the  different  grain  boundaries.  Etched  in  60%  glycerine,  2Q%  HF, 

20%  HN03- 

Figure  16:  Formation  of  bainite  nodules  at  proeutectoid  intragranular  TiCr  plates 
in  Ti-25  W/O  Cr  reacted  at  665’C  for  5  hrs.  Etched  in  60%  glycerine, 

20%  HF,  20%  HN03. 

Figure  17:  SEM  micrograph  of  Ti-25%  Cr  reacted  1  hr.  at  665°C,  showing  sideplate 

nodules  (above  grain  boundary)  and  spherical  nodules  (below)  of  bainite. 
Dark  minority  phase  TiC^,  light  phase  is  eutectoid  a  and  black  back¬ 
ground  is  retained  beta. 

Figure  18:  SEM  micrograph  of  same  specimen  as  in  Fig.  17,  illustrating  intragranu¬ 
lar  ly  nucleated  bainite  nodules. 

Figure  19:  TEM  micrograph  of  Ti-25  W/O  Cr  reacted  90  min.  at  665°C,  showing  internal 
structure  of  bainite  nodule. 

Figure  20:  Dark  field  micrograph  of  same  area  as  Fig.  19,  taken  with  (1010)  reflec¬ 
tion,  illustrating  misfit  dislocations  at  interphase  boundaries. 

Figure  21:  Higher  magnification  view  of  a  portion  of  the  area  in  Fig.  20,  taken  in 
dark  field  with  (110) reflection,  illustrating  more  clearly  pronounced 
facets  on  beta'.TiC^  ^interface. 

Figure  22:  Bright  field  micrograph  of  Ti-25%  Cr  specimen  reacted  90  min.  at  665°C, 
illustrating  interfacial  structure  within  sideplate  bainite  nodule. 

Figure  23:  Dark  field  micrograph  using  an  a  phase  reflection  in  Ti-25  W/O  Cr,  reacted 
at  665°C  for  90  min. 

Figure  24:  Bright  field  micrograph  of  Ti-25  W/O  Cr  reacted  at  665°C  for  90  min. 
showing  a  facet  region  within  a  curved  interface. 


Figure  25: 
Figure  26: 
Figure  27 : 

Figure  28: 

Figure  29: 
Figure  30: 

Figure  31: 

Figure  32: 

Figure  33: 

Figure  34: 

Figure  35: 

Figure  36: 

Figure  38: 

Figure  39: 


a)  Bright  field  micrograph  in  Ti-25  W/0  Cr  reacted  at  665°C  for  90  min. 

b)  Dark  field  micrograph  of  the  same  area  taken  with  an  a  reflection. 

Bright  field  micrograph  of  Ti-25  W/0  Cr  reacted  at  665°C  for  90  min.  TiCr^ 
appears  to  have  formed  at  a  planar  beta: bainitic  alpha  boundary. 

Dark  field  micrographs  of  the  same  area  seen  in  Fig.  25,  using  TiCr2 
reflections,  a)  and  b)  show  differences  in  the  orientations  of  TiCr^ 
crystals  within  the  same  bainitic  nodule. 

Bright  field  micrograph  in  Ti-25  W/0  Cr  reacted  at  665°C  for  90  min.,  illus¬ 
trating  a  TiCr2  crystal  protruding  in  front  of  a  bainite  nodule. 

Growth  kinetics  of  hemispherical  bainite  nodules  in  Ti-25  W/0  Cr  at  665°C. 

Dark  field  micrograph  of  Ti-3.9  W/0  Co  reacted  for  40  min.  at  625°C  taken 
from  (110)  reflection.  Misfit  dislocations  are  regularly  spaced  and  seen  as 
thin,  parallel  lines;  meanwhile  growth  ledges  are  more  irregularly  spaced 
(thicker  black  lines).  Also  superledges  consisting  of  several  growth 
ledges  are  seen  on  lower  a  plate. 

Dark  field  micrograph  of  the  adjacent  area  in  Fig.  30,  illustrating  more 
than  one  array  of  misfit  dislocations  and  closely  spaced  growth  ledges  on 
superledges. 

Dark  field  micrograph  of  Ti-3.9  W/0  Co  reacted  for  40  min.  at  625°C  taken 
with  (110)  reflection.  Misfit  dislocations  and  growth  ledges  are  seen 
at  the  edgis  of  alpha  plate. 

Bright  field  micrograph  of  Ti-3.9  W/0  Co  reacted  at  625°C  for  40  min.,  showing 
the  intermetallic  compound  Ti2Co  nucleated  at  alpha:beta  interfaces  and 
further  growth  of  alpha  phase  leaving  intermetallic  compound  behind  as 
arrows  indicated. 

Dark  field  micrograph  of  the  same  area  in  Fig.  33  taken  from  (020)  Cq 
reflection,  showing  that  a  number  of  T^Co  have  the  same  spatial  2 
orientation. 

Dark  field  micrograph  of  the  same  area  in  Fig.  33  taken  from  (200)  re¬ 
flection,  showing  the  misfit  dislocations  and  intermetallic  compounds 
associated  with  them  as  dark  particles. 

SAD  pattern  of  the  same  area  in  Fig._33  and  indexed  pattern,  showing 
(000l)o  //  (100)Ti  Co,  £l210]a  //  [ 010] Ti  Co  orientation  relationship. 

Spots  of  alpha  phase  are  split  due  to  the^misorientation  between  the 
lattices  of  eut  -.c  toid  alpha  and  proeutectoid  alpha. 

a)  Bright  field  micrograph  of  Ti-3.9  W/0  Co  reacted  at  625°C  for  40  min., 
showing  the  growth  of  both  eutectoid  alpha  and  T^Co  by  ledge  mechanisms. 

b)  Dark  field  micrograph  of  the  same  area,  showing  the  growth  ledges  on 
Ti2Co  phase. 

Bright  field  micrograph  of  Ti-5.2  W/0  Fe  reacted  at  550°C  for  154  days, 
showing  the  edge  of  alpha  plates  consisting  of  misfit  dislocations. 


Figure  AO:  Bright  field  micrograph  of  Ti-5.2  W/0  Fe  reacted  at  550  C  for  154  days, 
showing  the  intermetallic  compound  TiFe  at  the  alpha: beta  interfaces. 

Both  TiFe  and  eutectoid  alpha  grow  by  ledge  mechanisms. 

Figure  41:  Dark  field  micrograph  of  Ti-5.1  a/o  Ni  recrystallized  at  780°C  for  7  days 
after  cold  rolling  and  isothermally  heat-treated  at  757°C  for  4  hours 
taken  from  (1010)  reflection,  illustrating  the  fine-scaled  protuberances 
at  the  alpha:beta  interface. 

Figure  42:  Dark  field  micrograph  of  the  same  specimen  in  Fig.  41  taken  from  (110) 

reflection,  showing  protuberances  of  alpha  phase  at  alpha:beta  interface 

Figure  43:  Dark  field  micrograph  of  the  same  specimen  in  Fig.  41  taken  from  (333)Ti 
reflection,  illustrating  the  crude  T^Ni  lamellae  with  dislocation  2 

boundaries  at  alpha  zT^Ni  interface. 
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